Fourier ptychography (FP) is a promising computational imaging technique that overcomes the physical spacebandwidth product (SBP) limit of a conventional microscope by applying angular diversity illuminations. However, to date, the effective imaging numerical aperture (NA) achievable with a commercial LED board is still limited to the range of 0.3−0.7 with a 4×/0.1NA objective due to the constraint of planar geometry with weak illumination brightness and attenuated signal-to-noise ratio (SNR). Thus the highest achievable half-pitch resolution is usually constrained between 500−1000 nm, which cannot fulfill some needs of high-resolution biomedical imaging applications. Although it is possible to improve the resolution by using a higher magnification objective with larger NA instead of enlarging the illumination NA, the SBP is suppressed to some extent, making the FP technique less appealing, since the reduction of field-of-view (FOV) is much larger than the improvement of resolution in this FP platform. Herein, in this paper, we initially present a subwavelength resolution Fourier ptychography (SRFP) platform with a hemispherical digital condenser to provide high-angle programmable plane-wave illuminations of 0.95NA, attaining a 4×/0.1NA objective with the final effective imaging performance of 1.05NA at a half-pitch resolution of 244 nm with a wavelength of 465 nm across a wide FOV of 14.60 mm 2 , corresponding to an SBP of 245 megapixels. Our work provides an essential step of FP towards high-NA imaging applications without sacrificing the FOV, making it more practical and appealing.
INTRODUCTION
High-resolution (HR) wide-field imaging is essential for biological, biomedical research and digital pathology, which require large space-bandwidth product (SBP) to provide computational and statistical analyses for thousands of cells simultaneously across a wide field-of-view (FOV) 1, 2 . However, conventional microscopes are always restricted by the inherent trade-offs between the spatial resolution and FOV, limiting their SBPs and application areas. Therefore, mechanical scanning and stitching is the usual way to get a HR wide FOV image. Fourier ptychography (FP) [3] [4] [5] is a fastgrowing computational imaging technique with HR, wide FOV and quantitative phase, which shares its root with conventional ptychography 6, 7 , synthetic aperture imaging 8, 9 and structured-illumination imaging 10, 11 . Instead of starting with HR and stitching together a larger FOV, FP uses low numerical aperture (NA) objective to take advantage of its innate large FOV and stitches together low resolution (LR) images in Fourier space to recover HR. Due to its flexible setup, promising performance without mechanical scanning and interferometric measurements, FP has wide applications in the digital pathology 12 , whole slide imaging systems 13 and combined with fluorescence imaging 14, 15 .
Although many significant progresses have been made in FP for achieving higher data collection efficiency 16, 17 and recovery accuracy [18] [19] [20] [21] [22] in the past few years, little is pursuing a larger SBP with high synthetic NA (NAsyn) greater than unity. To date, the effective imaging NA achievable with a commercial LED board is still limited to the range of 0.3−0.7 with a 4×/0.1NA objective, since the LED intensities are severely declined with the increasing incident angle θ (proportional to cos 4 θ) 23 and the dark field images with high-angle illuminations are easily submerged by the noise due to the attenuated signal-to-noise ratio (SNR). Thus the highest achievable half-pitch resolution is usually constrained between 500−1000 nm, which is far from some needs of HR biomedical imaging applications. Although it is possible to improve the resolution using a higher magnification objective with larger NA instead of enlarging the illumination NA (NAillu), for instance, Ou et al. 24 used a 40×/0.75NA objective to achieve the final NAsyn of 1.45, the SBP is suppressed to some extent, making the FP technique less appealing, since the reduction of FOV is much larger than the improvement of resolution in this FP platform. While Sun et al. 25 proposed a REFPM platform to achieve the final NAsyn of 1.6 with a 10×/0.4NA objective via an oil-immersion condenser and a dense LED array, attaining an SBP of 98.5 megapixels. However, it cannot use a lower magnification objective due to the overlapping rate and sampling requirements 26 and there is still some loss of the FOV. To this end, we initially present a subwavelength resolution Fourier ptychography (SRFP) platform with an elaborate hemispherical digital condenser to provide high-angle programmable plane-wave illuminations of 0.95 NA, which breaks the constraint of planar geometry of LED board. In contrast with traditional optical condensers, samples in our experiments are illuminated by the light emitted in all directions by a domed LED array. Therefore, no lenses, mirrors, or mechanically moving parts are needed to control the NA of the digital condenser 27, 28 . In SRFP platform, the condenser is assembled by two quarters of spherical digital condensers, which are fabricated by 3D print, and is elaborately designed with 415 blue-light LEDs distributed uniformly in the internal surface of a rigid hollow hemisphere with a 80mm radius of curvature, aiming to satisfy the sampling criteria 26 and the optimization of sampling pattern 29 of FP with the overlapping rate of 68.5% by a 4×/0.1NA objective. And a higher overlapping rate will be get if using a higher NA objective. Using the SRFP platform, we achieve the final effective imaging performance of 1.05 NA at a half-pitch resolution of 244 nm with a wavelength of 465 nm across a wide FOV of 14.60 mm 2 via a 4×/0.1NA objective, corresponding to an SBP of 245 megapixels. We also compare the performance of our SRFP setup against the conventional incoherent microscopy and traditional FP with LED board. The recovery results indicate that the SRFP breaks the limit of LED board, improves the resolution without compromising with the FOV and owns a higher resolution and a larger SBP compared with the incoherent microscopy no matter with the same objective or the same NAsyn, which would provide an important step of FP towards high-resolution large-SBP imaging applications. Figure 1 shows the schematic and optical setup of the traditional FP platform with LED board and our SRFP platform with hemispherical digital condensers. In the traditional FP platform, a 32×32 programmable R/G/B LED array (Adafruit, 4mm spacing, controlled by an Arduino) is placed at 63mm above the sample. The red, green and blue LEDs have a dominant narrow peak at the wavelength of 631nm, 516nm and 465nm within 20nm bandwidth respectively, while only the blue LEDs are used to provide angle-varied illuminations in this experiment for comparison. A compact inverted microscope is used as shown in Fig.1 (a2) with light path diagram, which can be further combined with the fluorescence imaging easily 30 . All the data are captured by a 4×/0.1NA apochromatic objective and a 16-bits sCMOS (Neo 5.5, Andor, 2160×2560 pixels, 6.5μm pixel pitch). Many works are based on the traditional FP platform in the past few years, however, the LED element in this platform has a low electric power of 19.5 milliwatts (mW), corresponding to a luminous power of 0.98mW, which results in the conditions of long exposure time of 1s with low data acquisition efficiency via a 4×/0.1NA objective and cannot be used for high magnification objectives since the condensers are replaced. In addition, the constraint of the planar geometry will attenuate the intensities and may lead the dark field images with high-angle illuminations to be submerged into the noise due to the attenuated SNR limiting the effective NAsyn. Therefore, a hemispherical digital condenser is elaborately designed with 415 blue-light LEDs (XPEROY-L1-0000-00B01, Cree, 465nm, 10nm bandwidth) distributed uniformly in the internal surface of a rigid hollow hemisphere with a 80mm radius of curvature, which is placed above the sample and the edge of condenser is coincide with the plane of sample as shown in Fig.1 (b) and Fig.1 (d) . The condenser is assembled by two quarters of spherical digital condensers, which are fabricated by 3D print as shown in Fig.1 (b1) . The photograph of the condenser is shown in Fig.1  (b2) and the component design specification is presented in table 1 with 20 rings, 24 rows and a constant step length of the NAillu of 0.05, aiming to satisfy the sampling criteria and the optimization of sampling pattern of FP with the overlapping rate of 68.5% alone the row-axis by a 4×/0.1NA objective. The overlapping rate can be calculated as follows where mag is the magnification of the objective, λ is the wavelength, Δx is the pixel size of camera and the sampling rate is 1.43 in our platform. The size of each LED element is 3.45×3.45×2mm and the maximum electric power is 3.5W with a luminous power of 500mW. In our design scheme, the maximum simultaneous lighting LED elements in one ring are 20 with 1.65W per element since the electric power is too high. A video for visual perception is supplied in the Video 1. In experiment, the real power is set at 465mW per LED element for a 4×/0.1NA objective with 10ms exposure time per frame. During the imaging process, 415 LED elements on the hemispherical digital condenser are lighted up sequentially and all of them are driven statically using a self-made LED controller board with an FPGA unit (Altera FPGA EP3C25Q240) to provide the logical control by the GPIO interface. 
MATERIALS AND METHODS

EXPERIMENTAL RESULTS
We compare the performance of the SRFP platform with the incoherent microscopy and the traditional FP platform as shown in Fig.2 and Fig.3 . The experimental results are summarized in the table 2 for comparison. The Extreme resolution target (Ready Optics Company, Calabasas, California, USA), 1951 USAF board from Group 4 to Group 11 (137 nm minimum spacing), is embedded in a standard microscope slide as shown in the top-right of Fig.3 (a) . Generally, the resolution should be improved with the microscope's NAsyn increasing indeed. But it should be emphasized that the final resolution of a microscopy system depends on many factors, such as the NAsyn, the appearance of the optical transfer function (OTF), and the sampling in space. Since the pixel size of our camera is 6.5μm, the sampling rate with 4×/0.1NA, 10×/0.3NA and 20×/0.45NA objectives respectively is all less than 1, which is given by
Thus the final theoretical resolution of these objectives is limited by the sampling in space. The measured half-pitch resolution with 4×/0.1NA, 10×/0.3NA and 20×/0.45NA objectives respectively is element 1, group 8 (1953nm), element 3, group 9 (775nm) and element 6, group 9 (548nm) respectively, corresponding to a SBP of 3.8, 3.9 and 1.9 megapixels respectively. The measured half-pitch resolution with an 40×/0.6NA objective is element 3, group 10 (388nm), corresponding to a SBP of 1.0 megapixels. In traditional FP platform, the maximum measured half-pitch resolution with an 4×/0.1NA objective is element 3, group 10 (388nm) with the NAillu of 0.63, corresponding to a SBP of 97 megapixels. And the resolution will not be improved with the increasing of the NAillu when the NAillu is beyond the 0.63, since the SNR of dark field images with high-angle illuminations are too weak. While in SRFP platform, the measured resolution is element 1, group 11 (244nm) with an 4×/0.1NA objective, which constitutes a SBP of 245.2 megapixels. Compared with the traditional FP platform, the SRFP platform can improve the resolution to subwavelength without scarfing the FOV. And compared with the incoherent microscopy with the same 4×/0.1NA objective, the SRFP platform achieves a large SBP nearly 65 times higher than that of the conventional incoherent microscopy. Compared with the similar NAsyn of 20×/0.45NA and 40×/0.60NA objectives respectively, the SRFP platform achieves a large SBP nearly 129 and 245 times higher than that of the conventional incoherent microscopy. 
DISCUSSIONS AND CONCLUSIONS
In this paper, we propose a subwavelength resolution FP platform, termed SRFP, to generate HR large-SBP reconstructions with an elaborate hemispherical digital condenser to provide high-angle programmable plane-wave illuminations of 0.95 NA. It has been demonstrated that the SRFP platform can further improve the resolution compared with the traditional FP with a LED board and achieve a 4×/0.1NA objective with the final effective imaging performance of 1.05 NA at a half-pitch resolution of 244 nm with a wavelength of 465 nm across a wide FOV of 14.60 mm 2 , corresponding to an SBP of 245 megapixels. Compared with the bright field microscopy, it has a higher resolution and a larger SBP no matter with the same objective or the same NAsyn. Since the LED elements are sequentially lighted up, there is still the space to reduce the acquisition time. Future work may utilize the multiplexing scheme or sparse lighting scheme to improve the efficiency of data collection to achieve the sub-second imaging for a more practical SRFP platform. And besides, it is possible to simultaneously add several imaging modes to our setup for dark field, bright field, and phase contrast imaging and quantitative 3D phase imaging, since the illumination modes of our setup are easy to change. Our hemispherical digital condensers have been designed with these further applications in mind, so that these new capabilities can be added to enrich our platform.
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